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We  measured  and  modelled  the  ultra-narrowband  transmission  spectrum  of  a  Cs  Faraday  filter  at  455  nm.  When  optimized  to 
achieve  the  narrowest  passbands,  we  observed  near  unity  transmission  peaks  of  0.7  GHz  bandwidth  with  an  integrated 
transmission  of  about  3  GHz.  Using  a  filter  model  confirmed  by  close  agreement  with  the  measurements,  we  present  a  catalog  of 
filter  spectra  for  a  wide  range  of  magnetic  fields  and  vapor  temperatures.  We  predicted  a  wide  field  of  view  for  the  filter  using  a 
generalization  of  the  on-axis  model  to  three  dimensions.  The  generalized  model  was  confirmed  experimentally  by  comparison  to 
off-axis  spectrum  measurements  for  the  cesium  passband  near  852  nm.  We  devised  a  new  ultranarrow  magneto-optic  linefilter, 
which  we  call  the  "Voigt  filter,"  that  uses  a  transverse  magnetic  field. 


To  achieve  quantum  noise  limited  performance,  background  limited  laser  receivers  require  narrowband  optical  filters. 
Development  of  narrowband  filters  for  underwater  communications  and  sensing  has  provided  a  strong  impetus  for  the  development 
of  a  variety  of  filters  that  operate  in  the  blue-green  region  of  the  visible  spectrum,  where  sea  water  transmission  is  highest. 
Among  these  filters,  absorptive-reemissive  atomic  line  filters  (ALFs)  matched  to  the  cesium  absorption  line  at  455  nm  have  been 
used  to  obtain  ultra-narrowband  optical  filtering,1  achieving  bandwidths  of  about  1  GHz.  Another  type  of  atomic  line  filter, 
referred  to  as  the  Faraday  filter,2*3’4  the  magneto-optic  filter,5  the  dispersive  magneto-optic  filter6  or  the  FADOF7  can  also 
provide  a  bandpass  of  about  the  same  width.  Like  the  absorptive-reemissve  ALFs,  Faraday  filters  provide  an  optical  passband  at 
fixed  wavelengths  associated  with  strong  atomic  absorption  lines;  in  particular,  the  Cs  Faraday  filter  described  here  and  a  new 
calcium  Faraday  filter5  provide  ultranarrow  passbands  near  the  blue  455  nm  cesium  and  423  nm  calcium  absorption  lines.  Like 
other  members  of  the  Faraday  filter  family,  the  cesium  Faraday  filter  offers  the  advantages  of  near  unity  peak  transmission,  image 
preservation8  and  real  time  operation  (no  excited  state  decay  delays)  over  the  absorptive-reemissive  ALF. 

The  filters  can  provide  passbands  either  at  or  in  the  wings  of  the  resonance,  for  high  (1  kG)  or  low  (100  G)  magnetic  fields, 
respectively.  In  this  paper  we  present  the  first  transmission  spectrum  measurements  of  a  Cs  Faraday  filter  operated  in  the  wings 
of  the  resonance  near  455  nm.  For  an  optimally  chosen  field  and  temperature,  the  spectrum  exhibited  two  narrow  strongly  peaked 
0.7  GHz  passbands  on  either  side  of  each  of  two  hyperfine  atomic  resonance.  At  higher  temperatures  and  fields,  rapid  modulations 
appeared  in  the  spectra.  We  found  close  agreement  between  transmission  measurements  and  the  results  of  a  detailed  calculation. 
Having  anchored  the  calculations,  we  generated  a  series  of  transmission  spectra  for  a  range  of  fields  and  temperatures.  The  general 
approach  of  our  analysis,  given  in  Ref.  4  for  the  case  of  the  Cs  Faraday  filter  at  852  nm,  was  also  used  here.  A  detailed 
description  of  a  calculation  similar  to  ours  was  recently  published.9  We  also  calculated  the  transmission  spectra  associated  with 
the  nearby  459  nm  transition,  finding  that  the  leakage  at  459  nm  was  relatively  small  for  the  optimal  narrowband  operating 
conditions. 

We  have  determined  through  a  combination  of  measurements  and  calulations  that  the  magneto-optic  aspects  of  the  filter  do  not 
limit  the  filter  field  of  view;  instead  the  field  of  view  is  limited  by  the  clear  aperture  of  the  filter  and  vignetting.  To  investigate 
the  filter  field  of  view,  we  first  generalized  our  transmission  calculation  to  account  for  arbitrary  angles  of  incidence.  We  then 
validated  the  calculation  experimentally  for  the  case  of  a  Cs  Faraday  filter  at  852  nm  for  a  range  of  propagation  angles  with  respect 
to  the  magnetic  field  direction.  Using  our  validated  model,  we  showed  that  the  passband  width  and  position  was  largely 
independent  of  the  field  up  to  angles  of  45°. 

A  new  type  of  magneto-optic  filter  that  uses  a  transverse  magnetic  field,  which  we  call  the  Voigt  filter  (after  the  Voigt 
effect10),  was  demonstrated  to  provide  bandpasses  as  narrow  as  that  of  the  Faraday  filter.  We  observed  Cs  Voigt  filter  spectra  at 
both  852  and  455  nm.  The  Voigt  filter  transmisson  spectra  were  calculated  as  a  special  case  of  the  generalized  transmission 
calculation. 
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The  construction  of  a  Faraday  filter  is  shown  as  a  part  of  the  experimental  set  up  in  Fig.  1.  The  filter  consists  of  Cs  vapor  in  □ 

a  magnetic  field  between  crossed  polarizers.  As  described  in  Ref.  4,  the  magnetic  field  Zeeman  splits  the  energy  levels,  resulting  . 

in  circular  dichroism  and  birefringence  in  the  immediate  vicinity  of  an  absorption  line.  Light  is  transmitted  by  the  filter  when  its 

net  polarization  is  parallel  to  the  exit  polarizer  axis.  A  simple  peaked  transmission  spectrum  is  obtained  when  the  filter  _ 

parameters  (i.  e.  field,  vapor  density  and  cell  length)  are  adjusted  to  provide  a  maximum  rotation  of  90°;  at  higher  vapor  densities 
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and/or  fields,  multiple  rotations  lead  to  rapid  modulations  in  the  transmission  spectrum.  Away  from  the  absorption  line,  the 
filter  provides  an  out  of  band  rejection  determined  by  the  extinction  ratio  of  the  crossed  polarizers  (typically  >105). 
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Fig.  1.  Set  up  for  the  blue  455  nm  Cs  Faraday  filter  transmission  measurement. 

Cs  455  nm  Faradav  Filter  Spectra 

Set  Up 

Faraday  filter  tranmission  spectra  were  measured  for  a  range  of  fields  and  vapor  densities  using  the  set  up  shown  in  Fig.  1.  A 
narrowband  probe  beam  was  provided  by  a  doubled  diode  laser  operating  near  91 1  nm.  The  frequency  ramped,  narrowband  beam 
of  about  50  mW  was  provided  by  a  current  modulated  diode  laser  (Spectra  Diode  Labs  device  type  S9130).  The  laser  was  isolated 
and  focused  into  a  7  mm  long  KNb03  doubling  crystal  mounted  in  a  temperature  controlled  cell.  The  doubler  produced  about 
1  |j.W  of  blue  light  which  was  split  between  the  filter  and  a  reference  absorption  cell.  The  filter  consisted  of  an  inch  long  cell 
containing  Cs  vapor  in  a  magnetic  field  provided  by  a  coaxial  solenoid  sandwiched  between  two  Glan-Thompson  polarizers.  The 
vapor  density  was  determined  by  the  regulated  (0.1°C)  temperature  of  a  coldfinger  in  the  cell,  which  ranged  between  120  and 
200°C,  giving  densities  between  4.7  x  1013  and  1.8  x  1015  atoms/cm3.  The  field  was  determined  from  a  measure  of  the  solenoid 
current,  using  a  calibration  factor.  We  varied  the  current  between  2  and  18  A  to  obtain  fields  up  to  200  G.  The  filter  and  reference 
cell  throughputs  were  monitored  by  silicon  photodiodes  or  photomultipliers,  whose  outputs  were  simultaneously  displayed  on  an 
oscilloscope  and  dumped  to  a  plotter. 

Transmission  Snectra 

Two  Faraday  filter  transmission  spectrum  measurements  are  presented  along  with  corresponding  calcualtions  in  Fig.  2.  An 
example  of  a  useful  transmission  spectrum  for  laser  receiver  applications  is  represented  by  the  data  shown  in  Fig.  2a.  The  cell 
was  operated  with  a  magnetic  field  of  200  G,  at  140°C.  The  tallest  peak  in  the  spectrum  has  a  bandwidth  of  0.7  GHz.  The  four 
passbands  correspond  to  two  pairs  of  passbands,  one  pair  for  each  of  the  lines  in  the  ground  state  hyperfine  doublet.  The  shape  of 
the  corresponding  theoretical  transmission  corresponds  to  the  measured  spectrum  very  closely.  From  the  calculated  spectrum 
shown  in  2b,  the  transmission  peak  is  70%  for  this  particular  operating  point.  Finer  tuning  of  the  filter  operating  point  should 
produce  a  peak  transmission  much  closer  to  100%.  In  practice,  the  filter  transmission  is  somewhat  reduced  by  transmisson 
losses  at  the  optical  surfaces. 

At  higher  temperatures,  a  broadening  in  the  absorption  lines  appears  to  reduce  the  peak  transmission.  Experimental  and 
calculated  spectra  for  200  G  and  200°C  are  shown  in  Fig.  2c  and  d,  respectively.  The  two  calculated  spectra,  labelled  by  their 
linewidths  T,  were  calculated  for  homogeneous  broadening  of  1  (dotted)  and  20  (solid)  times  the  natural  linewidth  Tn  of  the 
transition.  A  comparison  between  the  two  plots  shows  how  increasing  the  Lorentzian  broadening  leads  to  a  reduction  in  the 
height  of  the  secondary  peaks,  matching  that  exibited  by  the  data.  Possible  causes  for  additional  Lorenzian  broadening  include 
various  collisional  processes  such  as  those  with  other  Cs  atoms,  contaminant  gases  or  the  cell  walls. 
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Fig.  2.  Experimental  and  calculated  blue  455  nm  Cs  Faraday  filter  transmission  spectra. 

A  catalog  of  calculated  455  and  459  nm  Faraday  Filter  spectra  for  a  0.5  inch  thick  cell  are  shown  in  Figs.  3  and  4.  Each  of  the 
figures  shows  plots  for  temperatures  ranging  between  120  and  200°C  and  fields  ranging  up  to  400  G.  From  the  array  of  calculated 
spectra  shown  in  Fig.  3,  it  is  apparent  that  a  filter  designer  can  trade  20°C  for  a  factor  of  two  in  field  and  retain  roughly  the  same 
spectrum.  The  integrated  transmission  given  just  above  each  plot  can  be  used  to  estimate  the  noise  equivalent  bandwidth  for  each 
filter  due  to  inband  noise.  The  459  nm  filter  plots  displayed  in  Fig.  4  show  that  the  inband  noise  near  the  passbands  at  459  nm  is 
insignificant  for  narrowest  455  nm  passband  condidons  such  as  160°C  at  100  G. 

Filter  Field  of  View 

An  analysis  of  the  the  filter  field  of  view  showed  that  the  455  nm  passband  bandwidth  and  position  was  largely  independent  of 
field  angle  up  to  45°.  The  results  of  our  attempts  at  direct  measurements  of  the  field  of  view  using  our  test  filter  was  confused  by 
Fresnel  reflections  from  uncoated  glass  surfaces.  Instead,  the  field  of  view  was  analyzed  using  a  combinauon  of  measurements  and 
calculations.  Our  calculation  of  the  on-axis  Faraday  filter  transmission  spectrum  was  generalized  to  include  off-axis  rays.  Then, 
off-axis  transmission  experiments  were  performed  where  the  ceil  was  fixed  at  near  normal  incidence  to  the  probe  beam,  and  the 
magnetic  field  was  rotated  to  examine  off  axis  propagation.  These  measurements  validated  the  model  for  off-axis  transmission 
spectra.  Finally,  using  the  validated  model,  we  calculated  the  transmission  spectra  over  the  Faraday  filter  field  of  view. 

Extension  of  model  to  off-axis  propagation 


We  developed  a  calculation  for  the  transmission  of  oblique  rays  propagating  at  angle  0  with  respect  to  the  field  for  any  linear 
polarization  as  an  extension  of  our  on-axis  calculation.  The  transmission  is  easily  determined  by  resolving  the  input  polarization 
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Fig.  4.  Calculated  blue  459  nm  Cs  Faraday  filter  transmission  spectra  for  a  0.5"  cell. 


into  the  eigen-polarizations  of  the  birefringent  vapor,  accumulating  phase  in  each  component  over  the  vapor  pathlength  and 
recombining  the  components  to  obtain  the  field  at  the  analyzing  polarizer.  The  on-axis  case  is  an  instance  of  this  type  of  analysis 
where  the  eigenpolarizations  and  indices  are  the  circular  polarizations  and  indices.  The  right  and  left  circular  indices,  corresponding 
to  the  <J+  and  transitions,  were  determined  directly  from  a  few  atomic  parameters.  With  the  additional  calculation  of  the  index 
of  refraction  for  the  n  transition,  enough  information  is  provided  to  evaluate  the  dielectric  tensor  by  using  the  simple  on-axis  and 
transverse  case  as  boundary  conditions.  An  example  of  the  absorption  and  dispersion  for  the  three  transitions  is  given  in  Fig.  5. 
The  wave  equation  for  propagation  in  the  vapor  establishes  eigenvector  equations  for  the  polarizations  with  indices  as  eigenvalues 
which  are  parameterized  by  the  propagation  angle  0.  Transmission  calculations  can  then  proceed  in  analogy  to  the  on-axis  case. 


Fig.  5.  The  absorption  and  refractive  index  spectra  for  a+,  a_  and  n  polarized  light  in  Cs  vapor. at  200°C  in  a  filed  of  200  G. 
Off  Axis  Transmission  Experiments 

Off  axis  transmission  measurements  of  the  Cs  Faraday  filter  passband  at  852  nm  were  used  to  verify  the  transmission 
calculations  described  above.  Notice  that  in  these  experiments,  the  propagation  length  through  the  vapor  remains  fixed,  whereas 
in  a  wide  field  of  view  cell,  the  propagation  distance  increases  by  l/cos9.  Also,  these  experiments  ignore  the  effects  of  large  field 
angle  on  polarizer  performance,  since  we  use  a  pair  of  high  quality  Glan-Thompson  prisms  well  inside  their  field  of  view  of  only 
a  few  degrees. 

As  shown  in  Fig.  6,  we  used  a  fixed  Cs  cell  with  respect  to  the  probe  beam.  Transmission  spectra  at  various  field  angles  were 
obtained  by  rotating  the  magnetic  field  (0)  and  rolling  the  polarizers  (()))  (while  maintaining  crossed  polarizers).  For  a  fixed  angle 
of  propagation  with  respect  to  the  magnetic  field,  rolling  the  polarizers  simulated  scanning  a  cone  about  the  filter  input.  With  the 
input  polarizer  fixed  in  the  vertical  direction,  we  made  a  series  of  transmission  measurements  for  0  ranging  up  to  50°  shown  in  the 
top  part  of  Fig.  7.  As  the  value  of  9  is  increased,  the  position  of  the  outside  peaks  move  inward.  Also,  the  transmission  band 
between  the  peaks,  which  is  nearly  level  for  the  on  axis  case,  begins  to  sag  as  0  increases.  Similar  results  were  generated  by  the 
filter  model.  To  compare  them  quantitatively,  notice  that  the  peak  shift  between  the  on  axis  case  and  the  50°  case  was  measured 
to  be  about  7%  of  the  hyperfine  splitting.  The  calculated  spectra  show  a  5%  shift  in  the  peak,  comparable  to  the  experimentally 
measured  shift.  The  difference  may  be  attributable  to  an  error  in  the  vapor  temperture. 

Blue  Passband  Sensitivity  to  Field  Angle 

Off  axis  transmission  spectra  calculations  showed  that  the  bandpass  width  and  position  was  largely  insensitive  to  the  field 
angle.  This  study  considered  a  single  peak  of  the  Cs  455  Faraday  filler  as  shown  in  Fig.  8,  with  a  peak  transmission  of  83%.  To 
model  a  Faraday  filter  field  of  view,  the  thickness  of  the  cell  was  increased  by  a  factor  of  cos0.  The  transmission  contour  plot 
shown  in  Fig.  9  summarizes  the  spectra  out  to  a  field  angle  of  50°.  The  contours  are  labelled  with  relative  transmission.  In  the 
plot  horizontal  slices  for  fixed  angles  can  be  used  to  reconstruct  transmission  spectra.  The  contours  show  that  the  position  of 
maximum  transmission  migrates  about  100  MHz  between  0  and  50°,  which  is  small  compared  to  the  approximate  width  of  700 
MHz.  We  also  see  that  the  peak  transmission  falls  only  about  15%  from  its  83%  peak  on  axis. 

The  Voigt  Filter 


We  invented  a  new  magneto-optic  ultra-narrowband  filter,  the  "Voigt  filter,"  in  which  the  magnetic  field  is  applied  transverse 
to  the  filter  axis.  The  rectilinear  magnet  designs  for  the  Voigt  filter  may  have  packaging  advantages  over  the  cylindrical  designs 
for  the  Faraday  filter.  However,  as  a  rule  of  thumb,  a  Voigt  filter  requires  about  twice  the  magnetic  field  of  a  comparable  Faraday 
filter  to  provide  a  similar  transmission  spectra. 

The  Voigt  filter  can  be  easily  understood  as  a  resonant  half  wave  plate.  For  light  propagating  through  the  vapor  at  right  angles 
to  the  magnetic  field,  the  eigenpolarizations  are  purely  linear,  and  are  oriented  along  the  magnetic  field  and  perpendicular  to  it. 

The  eigenindices  are  given  by  njj  and  (^)  •  (n+  +  n_)  respectively.  This  situation  is  similar  to  that  of  an  ordinary  birefringent 
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Fig.  6.  Set  up  for  off-axis  transmission  spectrum  measurements. 
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Fig.  7.  Off-axis  transmission  spectrum  measurements  and  calculations  for  §=0°  and  0=0,  10,  20,  30, 40  and  50°. 
The  peak  shift  between  the  0  and  50°  spectra  is  Avqx  and  Av<j)t  for  the  experimental  and  theoretical  spectra,  respectively. 


Fig.  8.  On-axis  transmission  spectrum  peak  near  455  nm  to  be  evaluated  over  the  filter  of  field  of  view. 
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Fig.  9.  Transmission  spectra  contours  with  field  angle  for  <J>=0. 

waveplate.  In  analogy  to  a  half  wave  plate,  a  90°  rotation  of  the  incident  linear  polarization  is  possible  when  the  incident 
polarization  makes  an  angle  of  45°  with  the  principle  axes  of  the  "waveplate;"  in  this  case,  with  the  magnetic  field.  Refering  to 
Fig.  6,  a  Voigt  filter  corresponds  to  setting  0  =  90°  and  §  =  45°. 

We  have  observed  the  transmission  spectra  of  Cs  Voigt  filters  at  both  852  and  455  nm.  An  example  of  a  Cs  852  nm  Voigt 
filter  transmission  spectrum  is  presented  in  Fig.  10. 


Conclusion 

The  blue  Cs  Faraday  filter  is  suitable  for  wide  field  of  view,  underwater  laser  receiver  applications.  As  we  have  demonstrated 
experimentally,  the  filter  provides  a  stable,  ultra-narrow  passband  near  455  nm  with  an  integrated  transmission  as  low  as  3  GHz 


with  a  near  unity  peak  transmission.  We  demonstrated  that  the  filter  offers  a  wide  field  of  view  as  wide  as  45°  without  significant 
shift  in  the  passband  position  change  in  the  bandwidth.  Our  modelling  of  the  filter  predicted  an  intrinsic  decrease  in  transmision 
of  only  15%  for  a  field  angle  of  45°.  Finally,  a  new  type  of  magneto-optic  ultra-narrowband  filter,  the  Voigt  filter,  may  offer 
significant  packaging  advantages  over  the  Faraday  filter. 
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Fig.  10.  Measured  and  calculated  Cs  852  nm  Voigt  filter  transmission  spectra. 
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PRINCIPLES  OF  FARADAY  FILTER  OPERATION 
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FARADAY  FILTER  EQUATIONS 
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HORIZONTAL  FAN  SPECTRA  (VERTICALLY  POLARIZED  INPUT) 


•  Similarly  for  the  vertical  fan 


THE  VOIGT  FILTER  CAN  ALSO  PROVIDE 
ULTRA-NARROWBAND  FILTERING 
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TRANSMISSION  SPECTRA  CONTOURS  OVER  FIELD 
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PERFORMANCE  COMPARISON : 
FARADAY  FILTER  vs.  PASSIVE  Cs  FILTER 
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